This paper deals with coating alternatives to hard chromium plating. Thermal spraying is already used in industry, but results are not always satisfactory for reasons of porosity and microstructures. In this study, atmospheric plasma spraying (APS) and in situ laser irradiation by diode laser processes were combined to modify the structural characteristics of thick NiCrBSi alloy layers. The microstructure evolution was studied, and results show that in situ laser remelting induced the growth of a dendritic structure, which strongly decreased the porosity of as-sprayed coatings and increased the adhesion on the substrate. Moreover, no phase transition after laser treatment was observed. Lastly, a mechanical investigation demonstrated that the combination between plasma spray and in situ melting with a diode laser could result in very good mechanical properties. The increase of the laser incident power involved an increase of the mean contact pressure, along with coating hardness. The hybrid process appears to be a possible alternative to hard chromium plating, in order to protect mechanical parts, because of the improved mechanical properties of the NiCrBSi layer.
Introduction
Electrodeposited hard chromium plating is generally used to produce hard and wear-resistant coatings (Ref 1). However, the plating baths contain hexavalent chromium, which has adverse health and environmental effects (Ref 2) and is forbidden by European regulations (Ref 3) . That is the reason why some coating alternatives are currently studied, mainly with thermal spraying. However, results are not always as good as a hard chromium deposit as shown by the altered microstructure in the as-sprayed sample. Coating discontinuities are induced by the porosity, the presence of unmelted particles, and the interlamellar boundaries within the coating; that is, it is not possible to achieve defect-free thermal spray coatings, which induce weak wear and corrosion resistance. Lasers present the advantage of building denser coatings, with finer microstructures (Ref 4) . Moreover, a laser post-treatment can be conducted on as-sprayed samples to increase their mechanical properties (Ref 5) .
A laser post-treatment can generate some cracks in an as-sprayed coating, one of the major defects that can occur during the solidification of the metallic alloy, because of a high thermal gradient due to the high temperature of the small irradiated area ( Ref 6) . In this study, atmospheric plasma spraying (APS) and laser irradiation by diode laser processes were combined in situ to modify structural characteristics of NiCrBSi coatings. The technique is not new as it was applied in the past as a combination of plasma spraying and a continuous wave (CW) CO 2 laser irradiation ( Ref 7) . However, generally this procedure was applied to ceramic layers to build coatings that exhibited distinctly reduced porosity, uniform microstructure, high hardness, and highly adhesive bonding to the substrate ( Ref 8) .
Nickel-based coatings are usually used in applications where corrosion and wear resistance are required at moderate and elevated temperatures, and, among them, NiCrBSi presents particularly good performances (Ref 9) . This material is a self-fluxing alloy; the presence of boron increases the self-fluxing properties of the alloy by the formation of eutectic phases at 3.6% of B in weight ( Ref 10) . There are also a lot of established treatments applied to melt NiCrBSi alloys, such as flame, thermal treatment, laser post treatment, and so forth. This material is generally remelted for industrial applications, which can lead to strongly increased corrosion and wear resistance, as the alloy is melted and cast into some products. In an earlier work, the good wear resistance properties of NiCrBSi coated by laser cladding with a diode laser were demonstrated (Ref 11) , making this material an alternative to electrolytic hard chromium plating. The in situ treatment can be also a substitute to this electrochemical treatment, especially if its mechanical behavior is as good as that of hard chromium plating.
In this paper, several technical parameters are investigated, especially the laser power density, to establish the best configuration to obtain coatings without solidification cracking (Ref 12) . One of the advantages of this in situ process is that the high spray velocity reduces the treatment time compared with a post-treatment method. It also decreases the thermal gradient, because of the preheating of the substrate by the plasma gun.
Experimental Procedure

Feedstock Materials
NiCrBSi powders from Hö ganä s, referenced as grade 1160-00 and 1140-00 were chosen as feedstock materials. The composition of the sprayed powders is listed in Table 1. However, the results discussed in this paper are mostly for alloy 1160-00, which contains more chromium and has surely better mechanical properties, such as hardness (Ref 13) . Thus, this alloy seems better able to replace hard chromium plating to resist wear than alloy 1140-00. The substrate material was C38 steel in the form of a disc, 10 mm thick, with a diameter of 25 mm.
Processing Parameters
The experimental device of the hybrid plasma spray process consisted of an F4 plasma spray gun from Sulzer-Metco and a diode laser (3 kW, average power) of 848 nm wavelength, from Laserline ( Fig. 1 ). Before the spraying operations, samples were degreased with acetone and alcohol and grit blasted with Al 2 O 3 (particle size: 250 lm) to obtain a surface with a mean roughness of about 5 lm. This operation allows mechanical bonding between the coating and the substrate. Then samples were placed on a holder that moved linearly, and they were swept by the plasma gun and remelted in situ by the laser. The coating feedstock material was injected vertically into the plasma jet by Ar carrier gas. In situ laser remelting is able to reduce cooling stresses by requiring a low level of laser energy. To reduce the sample surface temperature, cooling systems controlled by air jets were placed at the rear of the holder. This positioning allows the reduction of the thermal gradient, which avoids the formation of cracks. It is believed that the laser power density (LPD) has a significant effect on the properties of the sample. Thus, two fixed-focus lenses of 0.8 9 2 mm 2 and 2 9 4 mm 2 were used to cover a large range of LPD. These two specific systems allowed irradiated areas of 8 mm 2 (OS1) and 1.6 mm 2 (OS2). Some variations were evaluated, regarding the evolution of the properties of different samples depending on the laser power density, which is abbreviated as ''D.'' The selected processing parameters are specified in Table 2 . Hard chromium samples were provided by a French electroplating industry, using common parameters (45 A/dm 2 , 53°C, 350 g/L chromic acid).
Furthermore, to measure the surface temperature, a thermal camera (Flir systems-ThermaCAM SC3000) that could work at a frequency of 900 Hz was used. Every 1.1 ms, a thermal image of the sample was taken that allowed observation and measurement of the surface temperature during laser melting treatment. Some measurements were compared with values obtained with a contact thermocouple in order to calibrate the emissivity value of the treated samples. The samples were cut using a diamond saw and were mounted using a resin. Mounted cross sections were polished following standard metallographic techniques using diamond slurry to achieve a final roughness of about R a % 0.02 lm. Then, the microstructure evolution was studied, with the analysis of the chemical composition, implementing energydispersive spectroscopy and x-ray diffraction (40 kV, 30 mA, Cu Ka radiation at 0.154 nm). A 2h scanning step of 0.03°and a measuring time between each step of 5 s were used to determine the peak positions of the different NiCrBSi phases in the range of 30°< 2h < 80°. X-ray diffraction (XRD) measurements were carried out on polished surfaces of bulk samples in order to work in the same conditions for all coatings.
Adhesion and Cohesion Measurements.
It is not easy to evaluate with accuracy the adhesion value of lasertreated samples, and for adhesion testing, tensile standard tests such as ASTM C633 and EN 582 are not always sufficient. Thus, a scratch test on cross sections of coatings was applied in this paper. This method is described by Adhesion measurements of the samples were carried out by a scratch test method with a constant load on a polished cross section of the coating. The indenter moved from the substrate through the coating into the resin where the sample was embedded. A Rockwell C diamond indenter of 200 lm radius was used for all tests. The test was repeated at several loads in the range of 5 < F (N) < 120 and the projected area of the cone, extracted by the indenter, was calculated (Fig. 2) . The projected cone area, A (Eq 1 and see also Fig. 2 ) was chosen as the most characteristic factor among a and b values since only A showed a monotonic relationship to the scratching load.
Two types of failure can be observed: the cone originates from the coating, and the cone originates from the substrate/coating interface. In the first case the cohesion of the coating can be characterized, while in the latter case the adhesion of the coating can be characterized (Ref 14) . 
Results and Analysis
Influence of the Laser-Irradiated Area
The size of the laser-irradiated area depends on the selected optic. In this paper, two specific systems were investigated with an irradiated area of 8 mm 2 (OS1) and 1.6 mm 2 (OS2). These optical systems were implemented to evaluate the influence of the irradiation time and the input energy on the resulting molten state. It seems obvious that the optical system OS1 is not good enough to melt the layer (Fig. 3a) . Firstly, a large unmelted area is observed; secondly, a delamination in the coating is also observed. These results are due to the energy density that strongly decreases with the use of OS1. Thus, it is not possible to melt the layer. Finally, the optical system OS2 was chosen, because it allows an elevated irradiance to be kept with one of the spot dimensions as high as possible in order to irradiate near the spraying spot of 6 mm diameter.
In addition, with OS2, the laser power density can reach 1875 W/mm 2 with the melting of the 40 lm sprayed layer. Under 1400 W/mm 2 , it is not possible to homogeneously melt this layer with an a posteriori system laser melting procedure (Fig. 4) . Although 1140-00 and 1160-00 alloys have a melting point difference of about 50°C, the changes in melting thickness show an identical behavior. Also, the melting ability does not exhibit any variation when the laser power density increases from 1600 to 1800 W/mm 2 . However, the real gap in this figure is observed for values higher than 1250 W/mm 2 , because more than 30 lm are melted, which corresponds to the thickness of the as-sprayed layer coated by the plasma gun alone on one step. The coatings were produced step by step to achieve a final thickness of about 250 lm (i.e., four steps). Thus, if the remelted thickness is equal to more than the as-sprayed thickness coated by the plasma gun, the influence of the laser does not provide a delamination in the in situ configuration, because thermal stresses are limited by Journal of Thermal Spray Technology the reduced thermal gradient (the in situ configuration allows an increase in the sample temperature). The thickness of coating is very important in this case. Indeed, a high temperature gradient, between as-sprayed and laser-treated areas, will lead to the creation of thermal stresses, which will favor the generation of cracks. The difficulty that can arise is a delamination of the deposit in the as-sprayed/melted interface. Without preheating the surface, it is possible to melt only about 30 lm at 1250 W/mm 2 . However, with an in situ configuration, the viscosity of the alloy coupled with the homogenization of the layer allows an increase in the melting thickness (Ref 18, 19) , to a value of 40 lm. Indeed, the cross section is homogeneous without as-sprayed (i.e., unmelted) areas (Fig. 3b ).
Adhesion and Cohesion Measurements
Whatever the irradiance, the microstructure resulting from laser treatment exhibits a dendritic structure (Fig. 5 ). The remelting of the coating reduces porosity and creates a strong metallurgical bond (see also section 3.3) between the coating and the substrate, which also enhances the cohesion between the particles of the coating, without the propagation of cracks (Fig. 6b) . As a consequence, the adhesion seems strongly increased compared with the APS process. Furthermore, all remelted samples present a finer microstructure and higher density than APS coatings. Even if no grain size measurements have been carried out to report this formation of finer structure after remelting, a slight peak broadening is observed in the studied diffraction patterns just as for the as-sprayed sample (see also section 3.4), which can be explained by a variation of the grain size. The projected cone area increased with increasing scratching load (Fig. 7) . This increase was almost linear for all samples. For all loads, the as-sprayed sample exhibited higher projected cone areas compared with the remelted NiCrBSi sample and hard chromium plating sample. Thus, this sample had a low cohesion as well as a low adhesion to the substrate. There is an influence of the porosity, which decreases the cohesion of the coating. At higher loads, the damage in the APS coating was larger than in the other tested coatings. For remelted samples and hard chromium plating, the projected cone area was very similar at loads down to 50 N, but the failure mechanism was different at high loads and the remelted samples presented the best results, because the projected cone areas were the smallest. Electrodeposited hard chromium plating generally exhibits a quite compact and porosityfree microstructure, but these coatings have a structure based on a crack network. Thus, this specific microstructure facilitates the initiation and the propagation of crack delamination in the layer, since crack growth occurs after increasing the load on the cross section. In addition, there is little difference with respect to the laser power density for adhesion results (Fig. 7b ), and this is not a relevant factor in order to increase the adhesion of a remelted coating. Projected cone areas are closely related for both laser power densities, in the case of cohesion, as well as adhesion assessments (Fig. 7a, b ).
Influence of the Feedstock Powder
The two feedstock powders studied in this paper are Ni-based self-fluxing alloys. The main difference between Journal of Thermal Spray Technology the two grades is the melting temperature, related to the boron wt.% content. The evolution of the surface temperature was analyzed with a thermal camera. It was found that a temperature of about 1100°C is quickly reached for both powders in the laser-treated area for D = 1875 W/mm 2 (T = 990°C for D = 1250 W/mm 2 ). Furthermore, these temperatures increase with time. Even if the two feedstock powders have different melting temperatures, both of them present a metallurgical bond to the substrate. Also, their thermal conductivities are comparable.
There is a small amount of Ni, Cr, and Si at the interface (Fig. 8a, b ), suggesting that the alloys melted and diffused into the substrate and subsequently formed a good metallurgical bond at the contact surface. The bond strength depends on the amount of melting that happened and varies with the holding time during treatment.
The chemical composition is homogeneous on the coating thickness for both feedstock powders, without diffusion of iron (main element of the substrate), though a high temperature is reached (Fig. 8a, b ).
Influence of the Selected Processing Parameters
For the processing parameters selected for this study, the microstructures of the remelted sample are comparable, such as presented in Fig. 5 . However, a small difference in the amount of black phase and its size is observed depending on the laser power density. The black phase has been identified as CrB type chromium borides, and they help increase the mechanical properties of the layer (Ref 20) .
On the other hand, no difference was found during the chemical investigation by EDS except the presence of oxygen in the case of the as-sprayed sample due to a relatively high porosity rate, whereas some differences are observed regarding XRD analysis. This analysis reveals a considerable amount of possible phases resulting from the complexity of the NiCrBSi alloy coating (Fig. 9 ). In fact, the proximity between Ni, Cr, and Fe in the periodic table of chemical elements makes it difficult to find the real structure of this coating. Finally, some compositions consistent with the data are suggested. XRD patterns of the as-sprayed and in situ remelted samples reveal that the microstructure of the coating consists mainly of c-Ni, (Cr,Fe) 7 C 3 , CrB, and Ni 3 B. The same phases are observed with APS and laser-treated samples, but there are some differences with the XRD spectra, regarding the peak intensities, that are smaller in the case of APS, resulting partly from the sample porosity. This dissimilarity can be explained either by the variation of microstresses repartitioned into the samples (the residual stress level decreases for in situ remelted coatings), by a variation of the grain size or by a combination of both phenomena. The differences between remelted samples regarding their XRD spectra are also the result of a variation of crystallization behavior of these samples, due to a specific solidification kinetic, depending on the selected processing parameters. The temperature was determined using a thermal camera and for D = 1875 W/mm 2 , T % 1350°C, whereas for D = 1250 W/mm 2 , T % 1100°C at the end of the treatment. Thus, the thermal gradients are very different for both samples. An analog assessment could be assumed to explain the reduced peak intensity of as-sprayed samples, because the process temperature is once again different compared with the in situ remelted treatment of NiCrBSi layers. The laser beam, focused on a small area, improves the temperature on the sample surface, which allows modification in the crystallization process. In fact, XRD peaks are more sensitive to the crystalline size, and the NiCrBSi sample prepared by APS could present a reduction of crystallinity compared with the in situ remelted coating.
Berkovich Nanoindentation
Mean values of hardness and YoungÕs modulus for laser-treated NiCrBSi measured by the nanoindentation test, with a 30 mN load, are shown in Fig. 10 . It was already shown that remelted samples have better mechanical properties than as-sprayed samples (Ref 20) . The specific comparison between remelted samples demonstrates that the hardness values, i.e. to the mean contact pressure, are increased at the same time as the laser energy density. Furthermore, high chromium content is present in the feedstock material (Table 1) and consequently in the remelted layer. This feedstock material contains B and C; thus it seems that borides and carbides are formed during the in situ laser process, increasing the hardness of the coating. This result is confirmed by XRD analysis (Fig. 9 ). A limited increase in YoungÕs modulus can be observed for the higher laser power density, even if both remelted samples have similar elastic properties (considering the standard deviation values), which could be due to similar chemical composition.
Based on earlier work (Ref 11) , the tribological properties of the laser-treated samples compared with as-sprayed coatings are better. The mechanical properties of the sample remelted at 1875 W/mm 2 are better, and they are closely linked with mechanical properties of the samples carried out via laser cladding (Ref 11). Thus, this processing parameters configuration could build coatings with suitable mechanical properties and make the in situ laser treatment process an alternative to hard chromium plating, for industrial application where wear behavior must be strong. Both hardness and elastic modulus are higher for this sample compared with the electrodeposited sample.
The hard chromium plating shows comparable elastic modulus and hardness values with laser remelted coatings ( Fig. 10) , although section 3.2 discusses greater scratch damage. This result is exclusively related to the sample microstructures. The crack network of hard chromium coating leads to a microdelamination mode with crack propagation; that is, failure of this sample is due to cohesive damage. On the contrary, the failure mechanism of remelted samples is different. Thus, the normal force needed to produce the detachment of the coating changes even if elastic modulus and hardness values are similar. Moreover, the correlation between this force and the indenter radius is influenced by the plastic deformation behavior of the coated materials, which is strongly dependent on the intrinsic coating properties.
Conclusions
This paper deals with the properties of NiCrBSi alloy layers obtained using a technology based on the association between an APS plasma gun and a diode laser source. Results show that in situ laser remelting induces the growth of a dendritic microstructure that strongly decreases the as-sprayed coating porosity. In addition, adhesion, hardness, and elastic modulus also increased. No phase transition after laser treatment is observed. A mechanical investigation has demonstrated that the hybrid process presents better mechanical behavior than electrodeposited hard chromium for a specific laser power density. Thus, with specific selected processing parameters, the hybrid studied process appears to be a possible alternative to hard chromium plating, in order to protect mechanical parts. 
